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Serpina3k lactylation protects from cardiac
ischemia reperfusion injury

Le Wang1,2, Dandan Li1, Fang Yao1,3, Shanshan Feng1, Chao Tong1, Rongjia Rao1,
Meiyan Zhong3, Xianqiang Wang4, Wei Feng4, Zhan Hu4, Bo Jin2, Li Wang 1,3,
Shengshou Hu1,3,4 & Bingying Zhou 1,3

Lactate produced during ischemia-reperfusion injury is known to promote
lactylation of proteins, which play controversial roles. By analyzing the lacty-
lomes and proteomes of mouse myocardium during ischemia-reperfusion
injury using mass spectrometry, we show that both Serpina3k protein
expression and its lactylation at lysine 351 are increased upon reperfusion.
Both Serpina3k and its human homolog, SERPINA3, are abundantly expressed
in cardiac fibroblasts, but not in cardiomyocytes. Biochemically, lactylation of
Serpina3k enhances protein stability. Using Serpina3k knockoutmice andmice
overexpressing its lactylation-deficient mutant, we find that Serpina3k pro-
tects from cardiac injury in a lysine 351 lactylation-dependent manner.
Mechanistically, ischemia-reperfusion-stimulated fibroblasts secrete Serpi-
na3k/SERPINA3, and protect cardiomyocytes from reperfusion-induced
apoptosis in a paracrine fashion, partially through the activation of cardio-
protective reperfusion injury salvage kinase and survivor activating factor
enhancement pathways. Our results demonstrate the pivotal role of protein
lactylation in cardiac ischemia-reperfusion injury, which may hold ther-
apeutic value.

Myocardial reperfusion therapy is the restoration of myocardial blood
flow following an acute myocardial infarction (MI) via thrombolytic or
percutaneous coronary intervention, and is established as the standard
strategy for reducing infarct size and improving prognosis of MI
patients. Paradoxically, however, restoration of blood flow can exacer-
bate cellular dysfunction and death, and compromise cardiac function
and structure in a mechanistically distinct manner, which is termed
ischemia-reperfusion (I/R) injury (IRI), a pathophysiological condition
that can give rise to various additional heart disorders and evendeath1–3.
The pathophysiological mechanisms of myocardial IRI are complex and
diverse, including excess production of reactive oxygen species (ROS),
apoptosis, autophagy, inflammatory response, mitochondrial dysfunc-
tion, and immune response4. Various pharmacological and non-

pharmacological therapeutic interventions aimed at reducing reperfu-
sion injury, such as cyclosporine A5,6, N-acetylcysteine (NAC)7,8, and
remote ischemic conditioning9, have shown limited efficacy in patients,
which is possibly the result of incomplete understanding of the global
landscape of molecular changes. Therefore, thorough profiling of the
molecular mechanisms underlying the pathophysiological changes in I/
Rmayprovideunbiasedevaluationof themostdisease-relevant changes
that can be exploited therapeutically.

One of the most prominent consequences of cardiac ischemia is
the change in the cardiac metabolic pattern. L-lactate is produced in
large quantities in response to MI and I/R, and its roles in these pro-
cesses are controversial10–14. In recent years, lactate is recognized to
participate in the posttranslationalmodification of proteins, by adding
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a lactyl group to lysine residues15. Importantly, lactylation of proteins,
including histones and non-histone proteins, are implicated in the
epigenetic regulation of gene expression, and are thus involved in a
variety of disease conditions10,12,14,16–19. Several studies indicated a car-
dioprotective effect of protein lactylation in cardiac disorders. For
example, α-myosin heavy chain (α-MHC) lactylation at K1897
enhanced its interaction with titin, preventing angiotensin infusion-
induced heart failure in mice20. Following MI, histone H3 lactylation at
K18 was reported to trigger a reparative program involving target
genes such as Lrg1, Vegf-a, and IL-1011. In IRI, histone H3 lactylation at
K56 in cardiomyocytes mediated the cardioprotective effects of
HSPA12A21. Nevertheless, some studies suggest a detrimental role of
lactylation in heart disease. Snail family transcriptional repressor 1
(Snai1) lactylation mediated lactate-induced endothelial-to-
mesenchymal transition to exacerbate cardiac dysfunction in MI,
while silencing of Snail1 or the lactate transporter MCT1 mitigated the
harmful effects of lactate14. Thesedivergent roles of lactate andprotein
lactylation in cardiac ischemia prompted us to decipher the lactylome
in I/R injury, which may cast light on potential preventative measures
in reperfusion therapy.

Therefore, we performed global lactylome and proteome profil-
ing inmice that underwentMI or I/R surgeries. Our data revealed K351-
lactylated Serpina3k (SA3K-K351la) as one of the most profoundly
altered proteins, specifically in I/R. SA3K-K351la exhibited markedly
enhanced protein stability. SA3K was critical to the maintenance of
cardiac function during I/R, and K351la was essential for this cardio-
protective effect.We determined cardiac fibroblasts (FBs) as themajor
cellular source of SA3K. Secretion of lactylated SA3K from FBs pro-
tected cardiomyocytes (CMs) from I/R-induced apoptosis through
inhibiting the WNT pathway, and activating cardioprotective reperfu-
sion injury salvage kinase (RISK) and survivor activating factor
enhancement (SAFE) pathways. In summary, ourfindings identified FB-
secreted SA3K as a potent cardioprotectant in IRI, and highlighted the
contribution of lactate in this process.

Results
Global lactylome profiling of myocardial ischemia/
reperfusion injury
To comprehensively characterize the global protein lysine lactylation
(Kla) status in infarcted and reperfused hearts, we performed global
lactylome and proteome analyses using a robust, four-dimensional
(4D) label-free quantification approach (Fig. 1a). 4D proteomics inte-
grates a fourth dimension, i.e., ion mobility, into the 3 dimensions of
classic proteomics, improving peptide and protein identification22.
Nine-week-old mice were subjected to sham treatment (Sham), myo-
cardial infarction (MI) 30min or cardiac ischemia/reperfusion (I/R) for
6 h. The selection of the timing was based on previous studies in MI
mice23–25, as well as reports supporting the analysis of protein lactyla-
tion within 12 h post stimulation15. In lactylome profiling, we identified
a total of 1674 Kla sites on 380 proteins, of which 1472 Kla sites from
333 proteins were quantified (Supplementary Table S1; Supplementary
Data 1 and 2). Proteomic analysis identified 3279 proteins, 2759 of
which were quantified after applying strict filters (Supplementary
Table S1; Supplementary Data 3). Normalization of the lactylome data
was performed by dividing the relative quantitative value of the
modified peptide by that of the corresponding protein from the pro-
teome. In both lactylome and proteome analyses, most peptides
consisted of 7-20 amino acids, meeting the quality control require-
ments (Supplementary Fig. 1a, b). Principal component analysis
showed that both the lactylome and proteome of the I/R group
diverted from Sham and MI groups, indicating greater alterations
occurring at this stage (Supplementary Fig. 1c, d). Pearson correlation
analysis revealed that Sham and MI shared greater similarity, while I/R
samples exhibited more pronounced deviation from MI and Sham in
both the lactylome andproteome (Supplementary Fig. 1e). The relative

standard deviations were higher in the lactylomes compared to the
proteomes, but they all remained below the acceptance threshold of
30%26–28 (Supplementary Fig. 1f, g). To investigate the nature of Kla in
theheart, weused theMoMotool (motif-x algorithm)29 from theMEME
suite to uncover over-represented motifs near identified lactylation
sites. Alanine (A) in the -4 position (xxxxxxAxxx_K_xxxxxxxxxx) and
lysine (K) in the +7 position (xxxxxxxxxx_K_xxxxxxKxxx) were identi-
fied as significantly overrepresented motifs for lactylation (Motif
scores 7.77 and 6.87, respectively) (Supplementary Table S2; Supple-
mentary Data 4). The frequencies of individual amino acids occurring
near lactylation sites were visualized as a heatmap. Lysine (K) residues
were enriched in the −10 and +7 positions, alanine (A) residues in the
−6, −4 and +4 positions, and glycine (G) in the −1 position (Supple-
mentary Fig. 1h; Supplementary Data 5). We also used iceLogo to
survey amino acids surrounding lactylation sites, and observed similar
patterns (Supplementary Fig. 1i; Supplementary Data 6). To determine
whether Kla showed any preferences for specific protein structural
features, we calculated the probabilities of Kla in alpha-helices, beta
strands and coils using NetSurfP, and failed to identify any preference,
suggesting that the secondary structures of proteins did not affect
lactylation of the target lysine residues (Supplementary Fig. 1j; Sup-
plementary Data 7). Accordingly, the surface accessibilities of all lysine
residues and lactylated ones were nearly identical.

We then inspected global Kla distribution changes in MI and I/
R, respectively, compared to Sham. In MI, approximately 2.3% pro-
teins exhibited upregulated lactylation, whereas only approxi-
mately 0.5% displayed decreased lactylation. Similarly, in I/R,
approximately 4.3% of proteins demonstrated upregulated lactyla-
tion, whereas only approximately 0.3% displayed reduced lactyla-
tion (Fig. 1b; Supplementary Data 8). These results suggest that MI
and I/R primarily induced protein lactylation. Proteomic changes
resembled changes in the lactylome, with more protein increasing
in abundance in MI and I/R, respectively, compared to down-
regulated proteins (Fig. 1c; Supplementary Data 9). Using more
stringent cutoffs (log2 ratio = 1.3), we further quantified the num-
bers of Kla sites and proteins whose Kla status changed uponMI and
I/R. In MI, there were 25 upregulated and 2 downregulated Kla sites,
corresponding to 18 and 2 proteins with upregulated and down-
regulated Kla, respectively. In comparison, there were 71 upregu-
lated and 2 downregulated Kla sites, corresponding to 41 and 2
proteins with upregulated and downregulated Kla, respectively, in I/
R, suggesting the continued impact of lactylation after reperfusion
(Fig. 1d; Supplementary Data 10). In proteomic analysis, there were
19 and 111 upregulated proteins in MI and I/R groups, respectively
(Fig. 1e; Supplementary Data 11). The I/R group had an additional 26
downregulated proteins (Fig. 1e).

Next, we sought to investigate significantly differentially lactylated
proteins and differentially expressed proteins during MI and I/R, and
performed Gene Ontology analysis to gain insight into their functional
relevance. Lactylated proteins were grouped into three distinct clusters
based on their lactylation status over time (Fig. 1f; Supplementary
Data 12). The first group of proteins (lactylome Cluster 1, C1) was
marked by a negligible increase duringMI, followed by a surge upon I/R
(Supplementary Fig. 2a). Many proteins related to cellular respiration
(e.g., Mdh1, Sdha, and Ndufs1), fatty acid oxidation (e.g., Acadm, Hadh,
and Echs1), and adult heart development (e.g., Ttn, Myh6, and Myh7)
were the founding members of this cluster, suggesting that proteins
involved in energy metabolism and contraction were tightly regulated
by lactylation during IRI (Fig. 1g and Supplementary Fig. 2a; Supple-
mentary Data 13). Interestingly, C1 also included proteins related to
negative regulation of endopeptidase and hydrolase activity, including
Serpina3k (SA3K) and Serpina1b (Fig. 1g and Supplementary Fig. 2a;
Supplementary Data 13). The second set of proteins (lactylome C2)
exhibited increased lactylation during MI, followed by a drop upon
reperfusion (Supplementary Fig. 2a), which included proteins involved
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in ATP and pyruvate metabolic processes (e.g., Dld, Gapdh, and Pkfm),
as well as ones engaged in muscle filament sliding and sarcomere
organization (e.g., Tnnt2, Ttn, and Myh6) (Fig. 1g and Supplementary
Fig. 2a; Supplementary Data 13). The third group (lactylome C3) con-
sisted of sarcomeric proteins (Csrp3, Ttn, Atp2a2, and Myh6) and
Ndufs2, which displayed the least changes over time (Fig. 1g and

Supplementary Fig. 2a; Supplementary Data 13). Notably, all three
clusters shared Ttn and Myh6, due to their lactylation at multiple sites.
The vast overrepresentation of respiratory and contractile components
in the lactylome suggested that they were the major substrates of
endogenous lactylation during I/R stress. Differentially expressed pro-
teins were clustered into two opposing trends (Fig. 1h; Supplementary
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Data 14). Proteome cluster 1 (C1) showed a pattern highly similar to
lactylome C1, while proteome C2 first mildly decreased during MI and
then quickly dropped in I/R (Supplementary Fig. 2b). Interestingly,
negative regulators of peptidase and hydrolase activities, including
SA3K, Serpina1b and Serping1, were among the most strongly upregu-
lated proteins (Fig. 1i; Supplementary Data 15). These proteins are
known to function as serine protease inhibitors that assist in blocking
the activity of certain digestive enzymes, and are associated with car-
diovascular diseases due to their regulatory roles in blood clotting,
inflammation, and oxidative stress30,31. The observation that I/R-specific
differentially lactylated and expressed proteins both exhibited enrich-
ment in serine-type endopeptidase inhibitor activity indicated that
serpin family proteinsmayplay an important role in I/R (Supplementary
Fig. 2c, Supplementary Data 16). On the contrary, downregulated pro-
teins were almost exclusively extracellular matrix (ECM) proteins, sug-
gesting tremendous breakdown and remodeling of the ECM, a known
consequence of I/R damage32 (Fig. 1i; Supplementary Data 15).

To further understand the relationship among differentially lac-
tylatedproteins in I/R compared toSham,weusedSTRING todelineate
their functional or physical interactions. As anticipated, therewere two
major sets of proteins: a set associated with sarcomeric structures
(e.g., Tnnt2, Ttn, Myh7, Myh6, and Desmin), and another large group
related to metabolism (e.g., Ckm, Pfkm, Mdh1, Sdha, Sdhb, Ndufs1,
Ndufa8, and Slc25a4) (Fig. 1j; Supplementary Data 17). The two mem-
bers of the serpin family, SA3K and Serpina1b, were associated with
proteins in the blood, including Apoa1 and Alb. Serpina3k was addi-
tionally functionally associated with Myh6 (cardiac α-myosin heavy
chain) and Ckm (creatine kinase, M-type), suggesting a potential role
of SA3K in the myocardium.

Next, we overlapped significantly changedproteins inMI and I/R in
both the lactylome and proteome. Strikingly, there was almost no
overlap among the four sets of proteins except for the 7 shared ones
between proteins with significantly altered lactylation status and pro-
teins significantly changed in their expression during I/R, including
hemoglobin alpha chain complex (Hba), hemoglobin beta adult major
chain (Hbb-b1), albumin (Alb), apolipoprotein A1 (Apoa1), SA3K, Serpi-
na1b, and transferrin (Tf) (Fig. 1k; SupplementaryData 18). Among them,
Hba, Hbb-b1, Alb, Apoa1, and Tf are proteins highly abundant in the
blood. Strikingly, the remaining two proteins were SA3K and Serpina1b,
suggesting their prominent and specific roles in I/R. The only human
homolog of the family of closely relatedmurine Serpina3 proteins (one
of them being SA3K)33, SERPINA3 (SA3), demonstrated efficiency as a
predictor of adverse cardiac events in myocardial infarction and heart
failure34,35. Therefore, we set out to define the pathophysiological
function and consequences of SA3K lactylation in I/R.

SA3K and SA3K-Kla is increased upon I/R in vivo and upon
normoxia-hypoxia in vitro
To validate the alterations of SA3K protein expression duringMI and I/
R, we performed western blotting on myocardial specimens from MI

and I/R mouse hearts. SA3K protein exhibited a 4.8-fold increase
compared to both Sham andMI, indicating that increased SA3Kwas an
IRI-specific response (Fig. 2a). Consistently, the immunofluorescence
signal intensity of SA3K in cardiac sections were significantly higher
than those in Sham or MI (Fig. 2b). Further, we validated SA3K lysine
lactylation (SA3K-Kla) by immunoprecipitation. SA3K-Kla was sig-
nificantly and specifically increased in I/R (Fig. 2c, d). Our MS/MS data
showed that lactylation of SA3K occurred on residue K351 (Supple-
mentary Fig. 3). To this end, we generated polyclonal antibodies spe-
cifically recognizing SA3K-K351la. The specificity and potential cross-
reactivity with succinylation of the antibodies were verified by dot blot
assays (Supplementary Fig. 4a). In line with above observations, wes-
tern blotting using the SA3K-K351la-specific antibody confirmed the
significant increase in SA3K-K351la level in I/R (Fig. 2e). To examine the
time course for SA3K elevation, we harvested cardiac tissue every hour
from I/R 0 h through I/R 6 h (Supplementary Fig. 4b). Western blotting
of both SA3K-K351la and total SA3K revealed that lactylation levels of
K351 rose significantly at I/R 1 h compared to MI, while protein levels
started to increase substantially at I/R 2 h, and remained steady until I/
R 6 h (Supplementary Fig. 4c–e). Together, these data support a sig-
nificant and rapid elevation of SA3K lactylation at K351 in the heart
after I/R.

The observation that SA3K barely co-localized with cardiomyo-
cyte (CM) marker ACTN2 (Fig. 2b) prompted us to investigate the
cellular basis for increased SA3K expression. Immunofluorescence
revealed strong co-localization of FB marker vimentin (VIM) with
SA3K in I/R (Fig. 2f). We isolated primary neonatal mouse CMs and
cardiac FBs, and examined base level SA3K mRNA expression. SA3K
was expressed at a significantly higher level in FBs than in CMs
(Fig. 2g). Next, we simulated I/R in vitro by culturing FBs and CMs
separately under either normoxia (N), hypoxia (H, 1% O2 for 24 h), or
hypoxia-normoxia (H-N, 1% O2 for 24 h, then normoxia for 12 h). In
FBs, both SA3K-K351la and protein levels were specifically and sig-
nificantly upregulated in H-N (Fig. 2h). By contrast, such increase was
absent in CMs (Fig. 2i). To determine the conservation of this phe-
nomenon, we isolated adult human primary CMs and cardiac FBs. In
accordance with neonatal mouse cardiac cells, SA3, the human
homologue of mouse SA3K36, was also specifically expressed in FBs
(Fig. 2j). Its expression was also specifically upregulated in FBs under
H-N (Fig. 2k). Given that SA3 is a secreted protein, we further quan-
tified SA3 in the medium of cultured human FBs by enzyme-linked
immunosorbent assay (ELISA), and consistently observed substantial
increase in secreted levels of SA3 upon H-N stimulation (Fig. 2l). To
further explore whether H-N caused changes in SA3-Kla in human
CMs and FBs, we examined SA3-Kla levels by immunoprecipitation.
SA3-Kla was markedly elevated in H-N in human FBs, but not under
hypoxia or in CMs (Fig. 2m, n). Collectively, these findings indicated
that SA3K and its human homologue, SA3, increased at both protein
expression and lactylation levels in cardiac FBs upon I/R or H-N injury
specifically.

Fig. 1 | Global lactylome profiling of myocardial ischemia/reperfusion injury.
a Experimental design. Adult C57BL/6 mice were subjected to sham, myocardial
infarction (MI) or ischemia/reperfusion injury (I/R) surgeries, respectively. Protein
extracted from the infarct area was used for global proteome and lactylome profiling
by 4D-LC-MS/MS. n=3 biological replicates, each biological replicate was a pooled
myocardial sample from3mice.b, cDensity gradient diagramof the Log2 ratios of Kla
sites and proteins in MI and I/R groups of the lactylomes (b) and proteomes (c),
respectively. Red and green represent MI and I/R groups, respectively. Red and green
numbers (percentages) represent the numbers and percentages of up- or down-
regulated Kla sites or proteins, respectively (cutoff |Log2FC | >1). d Numbers of Kla
sites andKla proteins exhibiting significant Kla-level changes afterMI and I/R (cutoff of
|Log2FC | >1.3). e Numbers of proteins or sites exhibiting significant expression chan-
ges after MI and I/R (cutoff of |Log2FC | >1.3). f Heat map showing hierarchical

clustering of differentially lactylated sites in Sham, MI and I/R mouse hearts. Three
biological replicates are shown separately. gGene ontology (GO) analyses of enriched
biological processes in (f). Selected top categories are shown. Statistical significance
was performed using the two-sided hypergeometric distribution test. h Heat map
showing hierarchical clustering of differentially expressed proteins in Sham, MI and
I/R mouse hearts. Three biological replicates are shown separately. i Gene ontology
(GO) analyses of enriched biological processes in (h). Selected top categories are
shown. Statistical significance was performed using the two-sided hypergeometric
distribution test. j Protein-protein interaction network of lactylated proteins in I/R
based on the STRING database. The size of the circles represents the number of
interacting proteins. Red represents upregulation, green represents downregulation,
and yellow represents both. k Venn diagram of differentially expressed or lactylated
proteins in MI or I/R compared to Sham control.
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L-lactate upregulates SA3K level by enhancing lactylation-
dependent protein stability
To this end, we sought to investigate the molecular basis for the
increase in both SA3K protein and lactylation level. We observed
that SA3K mRNA was not increased in the infarct zone in mouse
hearts upon I/R (Supplementary Fig. 5a). In the same vein, H-N

treatment of cultured CMs or FBs also failed to enhance SA3K
mRNA level in mice (Supplementary Fig. 5b) or SA3 mRNA level
human cells (Supplementary Fig. 5c). These results indicated that
elevated SA3K protein was unlikely the result of increased tran-
scription, and led us to speculate that its regulation occurred at the
protein level.
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We additionally noted that whole tissue L-lactate was sig-
nificantly upregulated in the infarct areas of themouse heart uponMI
and I/R (Supplementary Fig. 5d). Likewise, intracellular L-lactate was
also strongly upregulated by H and H-N in in vitro cultured neonatal
mouse CMs and FBs (Supplementary Fig. 3e). These changes in
L-lactate production were paralleled with marked increases in lacty-
lated proteins and protein Kla sites (Fig. 1f). Given that previous
studies reported protein Kla levels to be affected by lactate15, and
because protein modifications are extensively involved in post-
translational regulation of proteins, we hypothesized that L-lactate
produced during I/R regulated the stability of SA3K protein through
K351 lactylation.

To this end, we first exposed FBs to increasing levels of L-lactate,
and observed steady, dose-dependent increases in both SA3K and
SA3K-K351la (Fig. 3a), indicating that L-lactate induced the increase in
SA3K lactylation and protein expression. As intracellular L-lactate
production is contingent on the balance between glycolysis
and mitochondrial metabolism, we tested whether the activity
of enzymes in these two pathways can modulate L-lactate
level and consequent SA3K-K351la (Fig. 3b). As expected, rotenone,
an inhibitor of mitochondrial respiratory chain complex I,
strongly induced L-lactate production (Fig. 3c), while oxamate, an
inhibitor of lactate dehydrogenase (LDH), significantly suppressed
L-lactate level (Fig. 3c). Accordingly, oxamate and rotenone dose-
dependently decreased and increased SA3K-K351la and SA3K levels,
respectively (Fig. 3d, e), further implying that lactate directly regu-
lated SA3K-K351la and SA3K. Together, these findings demonstrated
that both exogenous and endogenous lactate regulated SA3K-K351la
and SA3K concurrently. The positive correlation between SA3K-
K351la and SA3K indicated that SA3K-K351la promoted SA3K protein
stability.

To test this idea, we treated cells with cycloheximide (CHX) to
inhibit protein synthesis, and quantified protein expression over
time, with or without the addition of L-lactate or oxamate. The cal-
culated half-life of SA3K increased from 2.98 h to 6.74 upon L-lactate
treatment, and declined to 1.92 h following inhibition of lactate by
oxamate (Fig. 3f). In the presence of proteasome inhibitorMG132 and
CHX, protein levels remained steady (Fig. 3f), suggesting that lactate
played a role in maintaining SA3K protein stability. Similar observa-
tions were made in adult human primary FBs, where L-lactate treat-
ment increased SA3 half-life from 4.12 h to 6.36 h, while oxamate
treatment reduced SA3 half-life to 2.16 h (Supplementary Fig. 5f). To
further assess whether this regulatory effect was mediated by SA3K-
K351la, we constructed a mutant, FLAG-tagged form of SA3K (K351R),
and compared its expression with the wild-type (WT) recombinant
protein. The calculated half-life of exogenous WT-SA3K increased
from 4.66 h to 6.71 h upon L-lactate treatment, while the half-life of
the SA3K-K351R was almost identical to the WT protein (4.84 h)
(Fig. 3g), suggesting that K351la was required for the stabilization of
SA3K by lactate.

Acetylation is a common form of post-translational modification
that shares biochemical characteristics with lactylation37. To rule out
the possibility of acetylation (SA3K-Kac) regulating SA3K protein sta-
bility, we first examined SA3K-Kac levels in response to increasing or
decreasing L-lactate concentrations. Immunoprecipitation showed
that changes in neither extracellular L-lactate (L-lactate treatment) nor
intracellular lactate (oxamate or rotenone treatment) had an effect on
SA3K-Kac (Supplementary Fig. 6a). The addition of 100μM acetyl CoA
into the culture medium slightly enhanced the half-life of endogenous
SA3K (3.77 h), but failed to exert any effect on the half-life of exogen-
ous SA3K-WT (4.60 h) (Supplementary Fig. 6b). Taken together, these
data indicated that L-lactate inhibited SA3K degradation through
SA3K-K351la.

SA3K is an important driver of cardiac protection in
reperfusion injury
To directly evaluate the role of SA3K in IRI, we generated SA3K
knockout (SA3K-KO) mice (Fig. 4a and Supplementary Fig. 7a). One
group of wild-type (WT) mice and 2 groups of SA3K-KO mice were
respectively ligated for 30min, and then reperfused for 6 h tomodel I/
R. In the second group of SA3K-KO mice, recombinant, purified His-
tagged SA3K (0.5mg/kg) was injected at the time of reperfusion
(Fig. 4a). 2,3,5-triphenyl tetrazolium chloride (TTC) and Evans blue
staining at 1 D post I/R showed that the areas at risk (AAR) were
comparable among groups (Fig. 4b, c). However, the AAR-normalized
infarct size was significantly increased upon SA3K-KO, which was res-
cued by injection of recombinant SA3K (Fig. 4d). To assess cardiac
injury, wemeasured serum levels of cardiac troponin T (cTnT), cardiac
troponin I (cTnI), and creatine kinaseMB (CK-MB). Thesemarkerswere
significantly increased in SA3K-KOmice compared to WT control, and
were partially attenuated by the injection of exogenous SA3K
(Fig. 4e–g). The fraction of apoptotic cells, assessed by terminal
deoxynucleotidyl transferasedUTPnickend labeling (TUNEL) staining,
markedly increased in SA3K-deficient mice at 1 D (Fig. 4h), while the
injection of SA3K significantly reversed the increase in apoptosis
(Fig. 4h). Echocardiographic analysis was performed at multiple time
points (baseline, 7 D, 14 D, and 28 D) to evaluate changes in heart
function. Baseline heart function of SA3K-KO mice was indistinguish-
able from thatofWTcontrolmice (Supplementary Fig. 7c–h). At 7D, 14
D and 28 D, the ejection fraction (EF) was severely impaired in SA3K-
deficient mice compared to WT control, while His-SA3K injection
offered amodest protective effect (Fig. 4i, j, Supplementary Fig. 7b, c).
Similar trends were observed with fractional shortening (FS) (Fig. 4j,
Supplementary Fig. 7d). Left ventricular end-diastolic volume (LVEDV),
left ventricular end-systolic volume (LVESV), left ventricular internal
diameter at end diastole (LVIDd) or systole (LVIDs) exhibited pro-
nounced increases at D28 in SA3K-KO mice, indicating ventricular
dilatation following I/R, which were partially rescued by supple-
mentation of exogenous His-SA3K (Fig. 4j). Some of these latter
parameters exhibited significant changes as early as D7

Fig. 2 | SA3K and SA3K-Kla is increased upon I/R in vivo and upon normoxia-
hypoxia in vitro. a Western blotting and quantification of SA3K protein in mouse
heart tissue. n = 3 mice per group. b Immunostaining and quantification of SA3K
expression in mouse heart sections. Scale bar: 50μm and 8μm. n = 6 mice per
group. c, d Immunoprecipitation and western blotting (c) and quantification (d) of
the lactylation level of SA3K inmouse heart tissue. n = 4mice per group. eWestern
blotting of SA3K using an SA3K-K351la-specific antibody in mouse heart tissues.
Quantification is shown on the right. n = 4 mice per group. f Immunostaining of
SA3K and vimentin (VIM) in mouse I/R heart sections. Arrows indicate co-
localization. Scale bar: 50μm (left) and 8μm (right). g qRT-PCR of SA3K mRNA in
neonatalmouse CMs and FBs. n = 3 independent experiments.h, iWestern blotting
of SA3K-K351la and SA3K in neonatal mouse FBs (h) and CMs (i) cultured under
normoxia (N), hypoxia (H), or normoxia-hypoxia (H-N) conditions, n = 4 (FB) and

n = 3 (CM) independent experiments. j qRT-PCR of SA3 mRNA in adult human
primary CMs and cardiac FBs. n = 3 independent experiments. k Western blotting
and quantification of SA3 expression in adult human primary FBs and CMs cultured
under normoxia (N), hypoxia (H), or normoxia-hypoxia (H-N) conditions, n = 3
independent experiments. l ELISA of SA3 secreted from human primary FBs, n = 4
independent experiments. m, n Immunoprecipitation and western blotting of the
lactylation level of SA3 in adult human primary cardiac FBs (m) and CMs (n) cul-
tured under different conditions. Quantifications are shown on the right. n = 4
independent experiments. Significance was calculated using one-way ANOVA fol-
lowed by Tukey’s multiple comparisons test (a, c, e, h, k, l), unpaired, one-tailed
t-test (g, j), or the Friedman test followed by Dunn’s multiple comparisons test
(d,m). For (a, c,m,n),GAPDH loading controlwas runon a separate gel. All data are
means ± SD. Source data are provided as a Source Data file.
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(Supplementary Fig. 7e–h). At 28 D post I/R, we analyzed cardiac
fibrosis by Masson’ s trichrome staining. SA3K-KO hearts exhibited a
significant increase in collagen deposition compared to WT hearts,
while SA3K injection significantly alleviated fibrosis (Fig. 4k and Sup-
plementary Fig. 7f). Collectively, the above findings indicated that
SA3K conferred cardiac protection against IRI.

SA3K lactylation at K351 is required for cardiac protection
To gain insight into the role of SA3K-K351la in cardiac protection, we
generated adeno-associated virus serotype 9 (AAV9) expressing either
WT (SA3K-WT) or mutant SA3K (SA3K-K351R) under the fibroblast-
specific promoter FSP1 (Fig. 5a and Supplementary Fig. 8a). Mice were
injected with empty vector (EV), SA3K-WT- or SA3K-K351R-expressing
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virus, and IRI was induced using the samemethod as above (Fig. 5a). At
1 D post I/R, myocardial infarct size was significantly reduced in WT-
SA3K mice, compared to EV control, whereas those in SA3K-K351R
mice were not significantly different from EV control, suggesting that
K351 was indispensable for the protective effect of SA3K (Fig. 5b–d).
Serum levels of cTnT, cTnI, and CK-MB were significantly suppressed
in SA3K-WT mice, but not in SA3K-K351R mice (Fig. 5e–g). Exogenous
expression of SA3K-WT significantly attenuated I/R-induced apoptosis,
while SA3K-K351R failed to show any protective effect compared to EV
control (Fig. 5h). Echocardiographic analysis showed that virus injec-
tion did not perturb baseline cardiac function (Supplementary
Fig. 8c–h). SA3K-WT significantly improved cardiac function by 7 D, an
effect that lasted through 28D,whereas SA3K-K351R failed to showany
improvement (Fig. 5i, j, Supplementary Fig. 8b–h). Finally, assessment
of fibrosis on 28 D showed significant attenuation of fibrosis by SA3K-
WT, but not SA3K-K351R (Fig. 5g and Supplementary Fig. 8e). In sum-
mary, these data demonstrated that lactylation of SA3K at K351 was
essential to the cardioprotective effect of SA3K, suggesting that pro-
tein half-life, rather than protein amount, determines IRI protection
efficiency.

SA3K secreted by FBs protect CMs from IRI-induced apoptosis
through paracrine signaling
Re-analysis of TUNEL staining specifically in CMs (TUNEL+ACTN2+)
(Figs. 4h and 5h) revealed that SA3K most pronouncedly altered
the apoptosis of CMs (Supplementary Fig. 9a, b). Given that
CMs themselves hardly express SA3K (Fig. 2), and because of the
minimal responseof CM-specific SA3K toH-N (Fig. 2), we hypothesized
that FBs protected CMs from IRI via paracrine interaction mediated
by SA3K.

To test this hypothesis, we first isolated FBs and CMs from neo-
natalmice or adult humancardiac tissue, and cultured them separately
(Fig. 6a). Conditioned medium from FBs in normoxic or H-N culture
were respectively used for CM culture, the latter of which was then
challenged by H-N. In a group of CMs receiving H-N conditioned
medium, we used a SA3K or SA3 neutralizing antibody (Nab) to
determine the role of SA3K/SA3 in the paracrine effect (Fig. 6a). H-N
conditioned medium significantly suppressed mouse CM apoptosis,
an effect that was abrogated by Nab (Fig. 6b, c). Accordingly, cleaved
caspase 3 and Bax levels in mouse CMs were also suppressed by H-N
conditioned medium, while medium treated with Nab conferred little
protection against CMapoptosis (Fig. 6d, e). Similar observations were
alsomadeusing adult humanprimary FBs andCMs (Fig. 6d, e). Further,
in both neonatal mouse and adult human cells, H-N conditioned
medium significantly suppressed lactate dehydrogenase (LDH) release
and enhancedATP levels, indicating better survival of CMs,whichwere
also abrogated by Nab (Fig. 6f–h). However, cellular reactive oxygen
species (ROS) and respirationwereminimally affected (Supplementary
Fig. 9c, Supplementary Fig. 10). These results suggested that, in

response to IRI, FBs produced a secretome that protected CMs from
IRI, an effect that was primarily mediated by SA3K.

To further investigate the protective role of SA3K in IRI, we
depleted SA3K in FBs via lentiviral knockdown, and transferred con-
ditioned medium to CM cultures prior to H-N treatment in the latter
(Fig. 6i and Supplementary Fig. 9d, e). Compared non-targeting (NT)
control, shSA3K#1 significantly increased the fraction of apoptotic
cells within the population, while shSA3K#2 also displayed an
increasing trend (Fig. 6j, k). Likewise, SA3K depletion also enhanced
cleaved caspase 3 and Bax expression, aswell as LDH release (Fig. 6l, m
Supplementary Fig. 9f). However, ATP levels, ROS and mitochondrial
function were not affected (Supplementary Fig. 9g, h, Supplementary
Fig. 10). Depletion of SA3 in adult human cardiac FBs also produced
similar findings in adult human primary CMs (Fig. 6l, n, Supplementary
Fig. 9d–h). Therefore, these findings suggested that SA3K/SA3 se-
creted by FBs was capable of protecting CMs from IRI-induced
apoptosis.

Furthermore, we increased SA3K expression directly in CMs
through lentivirus-mediated expression or recombinant His-SA3K
supplementation into CM medium (Supplementary Fig. 11a). Sig-
nificant protection of CMs, marked by downregulated apoptotic
markers, was observed following H-N stimulation (Supplementary
Fig. 11b, c). This finding showed that SA3K protected CM against
apoptosis in response to H-N.

To understand whether this protection depends on K351 lactyla-
tion, we ectopically expressed SA3K-WT and SA3K-K351R in FBs, and
assessed their protection efficiency (Fig. 6o, Supplementary Fig. 9i, j).
Similar to the in vivo data, SA3K-WT significantly suppressed CM
apoptosis, while SA3K-K351R failed to show any effect (Fig. 6p, q).
SA3K-K351R also failed to suppress cleaved caspase 3 and Bax
expression, or LDH release, as theWT formdid (Fig. 6r, Supplementary
Fig. 9k). Again, ATP levels, ROS andmitochondrial respirationwere not
affected (Supplementary Fig. 9l, m), suggesting that the regulation of
cell death by SA3K was not mediated by mitochondrial impairment.
Together, these results underscore the requirement for Kla in CM
protection.

In summary, SA3K secreted from FBs during IRI protected CMs
from IRI-induced apoptosis through paracrine signaling, which was
dependent on lactylation-regulated SA3K protein stability, and not
abundance.

SA3K protects CMs by inhibiting the WNT, and activating RISK
and SAFE pathways
To explore the molecular mechanism underlying the protective
effect of SA3K, we leveraged the experimental design described
Fig. 6i, o, and analyzed altered signaling pathways in CMs. We first
analyzed the AMPK signaling pathway38, a classical myocardial pro-
tection pathway. However, SA3K/SA3 levels failed to modulate the
activity of the AMPK signaling pathway in CMs in mouse or human

Fig. 3 | L-lactate upregulates SA3K level by enhancing lactylation-dependent
protein stability. a Western blotting of SA3K protein and SA3K-K351la levels in
neonatal mouse FBs cultured in increasing concentrations of L-lactate for 24 h.
Quantification of relative SA3K and SA3K-K351la expression level is shown on the
right. n = 4 independent experiments. b Schematic of regulatory factors in glucose
metabolism. Rotenone inhibits oxidative phosphorylation, while oxamate inhibits
lactate production. c Intracellular L-lactate levelsweremeasured inmouse neonatal
FBs treated with rotenone or oxamate for 24h. n = 3 independent experiments.
d, eWestern blotting of SA3Kprotein and SA3K-K351la levels inmouse neonatal FBs
cultured in increasing concentrations of oxamate (d) or L-lactate (e) for 24h.
GAPDH loading control was run on a separate gel in (e). Quantifications of relative
SA3K and SA3K-K351la expression level are shown on the right, respectively. n = 4
independent experiments. f Measurement of endogenous SA3K protein half-life.
Neonatal FBswere cultured in controlmedium, 25mML-lactate, or 20mMoxamate

for 24h, and then treated with 50μg/ml cycloheximide (CHX) for the indicated
times in the presence or absence of MG132 before cellular proteins were extracted
for western blotting. Quantitation was done by densitometry and expressed as the
signal ratio of SA3K/GAPDH. n = 3 independent experiments. g Measurement of
exogenous SA3K protein half-life. Neonatal FBs were transduced with SA3K-WT- or
SA3K-K351R-expressing lentivirus. Cells overexpressing SA3K-WT or SA3K-K351R
were treated with 25mML-lactate for 24 h, and then treatedwith 50μg/ml CHX for
the indicated times in the presence or absence of MG132 before cellular proteins
were extracted for western blotting. Quantitation was done by densitometry and
expressed as the signal ratio of SA3K/GAPDH. n = 3 independent experiments. Half-
life calculation and visualization were performed by R (4.0.3) and ggplot2 (3.3.2)
package in (f, g). Significance was calculated using one-way ANOVA followed by
Tukey’s multiple comparisons test (a, c, d, e). All data are means ± SD. Source data
are provided as a Source Data file.
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(Supplementary Fig. 12a–f). Further, given that SA3K has been
reported to inhibit WNT signaling in angiogenesis39, we sought to
determine whether WNT pathway was altered following changes in
SA3K levels. Both phosphorylated LDL receptor-related protein (p-
LRP) and β-catenin levels were significantly suppressed upon SA3K
overexpression (Supplementary Fig. 12g–i). When treated with

conditioned medium from FBs with SA3K depletion, p-LRP increased
significantly, while β-catenin also displayed an increasing trend
(Supplementary Fig. 12g–i). Conditioned medium from adult human
primary FBs with SA3 overexpression or knockdown showed similar,
but milder, effects on adult human primary CMs (Supplementary
Fig. 12j–l).
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Given the pro-survival effect of SA3K, we further tested whether it
promoted classical cardioprotective pathways, including reperfusion
injury salvage kinase (RISK)40 and survivor activating factor enhance-
ment (SAFE) pathways41. The RISK pathway is a collection of pro-
survival kinase pathways, including AKT and ERK1/2, which confers
cardioprotection against IRI42. Overexpression of SA3K in mouse FBs,
or SA3 in adult human FBs, resulted in significant upregulation of
p-AKT and p-ERK signals in CMs in the corresponding species
(Fig. 7a–d). On the contrary, SA3K silencing markedly suppressed AKT
and ERK1/2 phosphorylation in mouse CMs (Fig. 7a, b). Similar trends
were observed in human cells, but only p-ERK in shSA3#1 reached
statistical significance (Fig. 7c, d). The SAFE pathway involves the
activation of Janus kinase (JAK) and signal transducer and activator of
transcription 3 (STAT-3)41,43–45, and has been demonstrated to play a
key role in I/R protection in mice46, pigs47, and humans48,49. Over-
expression of SA3K in mouse FBs significantly increased JAK2 and
STAT3 phosphorylation in N-H-stimulated CMs (Fig. 7e, f). Conversely,
the depletion of SA3K resulted in opposing trends. Similar observa-
tions were made using adult human cells, marked by significant
upregulation of p-STAT3 upon SA3 overexpression, and suppression
of STAT3 phosphorylation upon SA3 depletion with shSA3#2
(Fig. 7g, h). Together, these data demonstrate that WNT signaling
inhibition and activation of RISK and SAFE cardioprotective pathways
by SA3K are critical to CM survival during IRI.

Discussion
Protein lactylation is a newly discovered form of post-translational
modification15, and has since gained particular attention in disease
conditions with metabolic reprogramming towards glycolysis, includ-
ing cancer and myocardial ischemia10–14. The accumulation of lactate in
ischemic tissue has established its reputation as deleterious waste
product50. In patients with ST-segment elevation myocardial infarction
(STEMI), increased lactate level is correlated with worse prognosis51,52.
At the molecular level, lactate promoted Snail1 lactylation to induce
TGF-β-mediated endothelial-to-mesenchymal transition14. However,
this classic view has been challenged due to emerging roles of lactate as
a circulating carbohydrate energy source50 and a signalingmolecule53,54.
Postconditioning with lactate-enriched blood was shown to prevent
reperfusion-induced arrhythmia in STEMI patients undergoing reper-
fusion therapy54. Consistent with this view, histone lactylation triggered
activation of the reparative transcriptional response (including genes
Lrg1, Vegf-a, and IL-10) in monocytes to improve cardiac function post-
MI11. In a swinemodel of I/R injury, increased lactate levelspromoted the
synthetic vascular smoothmuscle cell phenotype, which participates in
myocardial repair through the upregulated expression of Yes-
associated protein (Yap), mechanistic target of rapamycin (mTOR)
and adenosine monophosphate-activated protein kinase (AMPK)55. Our
work unveiled a previously unrecognized role of lactate in enhancing
SA3K protein stability through K351la, which protected CMs from I/R-
induced apoptosis, shedding light on one of the beneficial con-
sequences of protein lactylation. It therefore appears that the function

of lactate is highly complex, and effectively harnessing the positive
downstream functions, while minimizing the detrimental effects, is
critical to managing disease outcome.

Cardiac I/R not only causes direct damage to CMs, but also has a
serious impact on the cardiacmicroenvironment56. Supporting cells in
the cardiac microenvironment (e.g., endothelial cells, immune cells,
and fibroblasts) play a vital role in cardiac structural network by the
productionof extracellularmatrix proteins and soluble components to
influence cellular communication. In particular, FBs and CMs are
known to interact through paracrine and direct cell-to-cell commu-
nication during I/R, including transforming growth factor-β (TGF-β),
connective tissue growth factor (CNN2/CTGF), angiotensin II (Ang II),
cytokines such as interleukin-1 (IL-1) and tumor necrosis factor alpha
(TNF-α), and even non-coding RNAs57. Most of these factors facilitate
tissue damage, promote cardiac remodeling, and impair cardiac
function. Our study, however, identified an underappreciated protec-
tive role of FBs in I/R through the secretion of lactylated SA3K that
suppressed CM apoptosis. Exploring additional constructive roles of
FBs during cardiac injury would be necessary for the design of cell
type-specific I/R precision therapies, by augmenting their inherent
positive functions and blocking their undesirable effects.

Human SERPINA3, also referred to as alpha-1-antichymotrypsin
(AACT), is an acute-phase serine protease inhibitormainly synthesized
in the liver, whose major physiological target is neutrophil cathepsin
G58. A recombinant serine protease inhibitor, LEX032, has been pre-
viously shown to attenuate I/R injury by reducing the accumulation of
neutrophils in the reperfused myocardium in rats59. Another close
relative of this protein,mouseSerpina3c, reduced cardiacfibrosis after
MI by inhibiting the transcriptional activation of enolase (ENO1), a key
enzyme in glycolysis60. We showed that SA3K inhibits the WNT path-
way and activates RISK and SAFE pathways to prevent CM from
undergoing I/R-induced apoptosis, offering insights into critical sig-
naling pathways that control CM survival in I/R. Nonetheless, the
physiological and pathophysiological functions of SERPINA3 protein
are still only partially understood. The mechanism of modulation of
these signaling pathways by SA3K, as well as other biochemical func-
tions of SA3K, remain to be dissected in the future.

Circulating SERPINA3 in humans has served the prognostic strati-
fication of patients with heart failure and MI34,35, whose cellular origin
was previously undetermined. In our study, in addition to confirming
FBs as the cardiac source of SA3K in mice and SERPINA3 in humans, we
also converted its role fromapurebiomarker to a candidate therapeutic
approach. Currently, pharmacological and non-pharmacological
approaches, alone or in combination, have provided less than desir-
able advantages in preventing ischemia-induced damage61. By contrast,
native cardiac proteins have the advantage of little risk of adverse
reactions. Based on our data, SA3K lactylation by lactate contributed to
the protective effect by enhancing protein stability. Therefore, in a
clinical setting, successive doses of SERPINA3 may ameliorate cardiac
injury. Alternatively, it would be reasonable to devise a therapeutic
strategy using engineered SERPINA3 protein with a slow turnover rate,

Fig. 4 | SA3K is an important driver of cardiac protection in reperfusion injury.
a Diagram outlining the experimental design for evaluating SA3K function in I/R.
Wild-type (WT) or SA3K knockout (SA3K-KO) mice were subjected to I/R surgery.
His-tagged SA3K (His-SA3K) was injected into a group of SA3K-KO at reperfusion.
Analyses of myocardial ischemia, apoptosis, cardiac function, and fibrosis were
performed at indicated time points. b Representative photographs showing TTC-
stained transverse sections of Evans blue-perfused hearts. c, dArea at risk (AAR) (c)
and infarct size (d) were quantified 1 day after IRI, n = 9 mice in each group.
e–g Serum levels of cardiac troponin T (cTnT) (e), cardiac troponin I (cTnI) (f), and
creatine kinase MB (CK-MB) (g) were measured 1 day after IRI, n = 10 mice in each
group. h Representative terminal deoxynucleotidyl transferase dUTP nick end
labeling (TUNEL) staining images showing apoptotic cell death in heart sections
1 day after IRI. An ACTN2 antibody was used to label cardiomyocytes. Scale bar,

50μm and 8 μm. Quantification of TUNEL-positive cell rates is shown on the right.
n = 11mice in each group, 6 sections per animal. i Representative echocardiograms
at D28. j Quantification of left ventricular ejection fraction (EF), left ventricular
fractional shortening (FS), left ventricular end-diastolic volume (LVEDV), left ven-
tricular end-systolic volume (LVESV), left ventricular internal diameter at end dia-
stole (LVIDd), and left ventricular internal diameter at end systole (LVIDs) at D28
based on echocardiography. n = 10 mice in each group. k Masson’s trichrome
staining of heart sections 28 days after reperfusion. Scale bar: 2mm. Quantification
of fibrosis is shown on the right. n = 9 mice in each group, 4 sections per animal.
Significance was calculated using one-way ANOVA followed by Tukey’s multiple
comparisons test (d–h, j, k). All data are means ± SD. Source data are provided as a
Source Data file.
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and concurrently reverse increased lactate levels in the I/R-injured heart
to minimize other lactate-induced deleterious consequences. In addi-
tion, it is alsoworth exploringwhether SERPINA3 and its lactylation play
a role in other human cardiac pathologies or in I/R responses of other
organs, such as the lung, brain or kidney, such that it can be further
exploited for diagnostic or therapeutic purposes.

Methods
Animals
All studies were performed according to the guidelines of the Animal
Care and Use Committee, Experimental Animal Center, Fuwai Hospital,
National Center forCardiovascular Diseases, China (0108-7-500-ZX(X)-2).
The experiments were reviewed and approved by the Ethics Committee
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of Fuwai Hospital, Chinese Academy of Medical Sciences, and Peking
UnionMedical University. All procedures were performed in compliance
with relevant ethical guidelines. Mice were housed under standard
laboratory conditions with a 12h light/dark cycle. Animals were provided
with chow (Jiangsu Xietong Pharmaceutical and Bioengineering Co.,
XTI01WC_009) and water ad libitum. The ambient temperature was
maintained at 22±2 °C, with a relative humidity of 50± 10%. Mice were
randomly assigned to groups by means of drawing lots and the investi-
gators performing the surgeries and cardiac function studies were blin-
ded to mouse genotypes and treatment conditions. For lactylome and
proteome analysis, 9- to 13-week-old male wild-type C57BL/6 mice
(22g–25g) were purchased from Beijing Vital River Laboratory Animal
Technology Co., Ltd. Adult female C57BL/6 mice were excluded due to
the effect of estrogen on heart ischemia/reperfusion injury62. For repro-
duction, parental adult male and female homozygous SA3K-KO (Cas9)
C57BL/6 mice were purchased from GemPharmatech Co., Ltd. Geno-
typing and reproduction of SA3K-KO mice were carried out at the
Experimental Animal Center, Fuwai Hospital, National Center for Cardi-
ovascular Diseases, China. Nine- to 13-week-old offspring male C57BL/6
mice (22g–25g) were used in this study. For in vitro cell culture
experiments, C57BL/6 neonatal mice (0- to 2-day-old male and female)
were purchased from Beijing HFK Bioscience Co., Ltd. The numbers of
mice are indicated in corresponding figure legends for each experiment.

Myocardial Ischemia-reperfusion injury model and
treatment groups
Mice were anesthetized by intraperitoneal injection of 0.3% pento-
barbital sodium.A20Gcatheterwas inserted through the larynx into the
trachea (endotracheal incubation). Ventilation was performed with a
tidal volume of 200μl, a respiratory rate of 120/min, and 95% oxygen.
Throughout the procedure, a self-regulating heating pad was used to
maintain their body temperature (36.5–37.5 °C). After disinfection with
2% iodine, the pericardial sac was opened and the left anterior des-
cending artery was temporally occluded with a 7–0 suture. Myocardial
ischemia was confirmed by myocardial blanching. After 30min of
ischemia, the suture was released to induce reperfusion injury. An
identical procedure was performed in the sham group where a ligature
waspassedunder the left anterior descendingwithout occluding it. After
surgery, the chest cavity, muscle and skin were closed, and mice were
observed until recovery in a 37.0 °C heated cage. At experimental end-
points, mice were euthanized with an overdose of ketamine (10mg/ml)
and xylazil (1.6mg/ml). Hearts were perfused with 3–4ml PBS via intra-
cardiac injection followed by excision of the heart. Hearts were briefly
submerged in supersaturated KCl (> 5M) to arrest the heart in diastole.
For experiments evaluating His-SA3K function, mice were injected with
recombinant His-SA3K (0.5mg/kg, Sino Biological CO., LTD,
MB16MA1608). His-SA3K was dissolved in a saline solution at a con-
centration of 0.05μg/μl and injected via tail vein at the time of reper-
fusion. For mice in the vehicle control group, an equal volume of saline
solution was injected in parallel. For SA3K overexpression experiments,

adeno-associated virus serotype 9 (AAV9) empty vector (AAV9-EV), or
AAV9 expressing wild-type or mutant SA3K (AAV9-SA3K-WT and AAV9-
SA3K-K351R) were purchased from Vigene Biosciences (Jinan, China) for
mouse tail intravenous injection. Each mouse was injected with 5
× 1011 vg/ml (virus gene copy/ml) AAV9 diluted in 200μl saline solution.
Four weeks after AAV9 injection, mice were subjected to I/R surgery.

Echocardiography and hemodynamic analysis
Transthoracic ultrasonography was performed with the Vevo 2100 sys-
tem (Fujifilm VisualSonics, Ontario, Canada). Echocardiography and
hemodynamic analysis were performedbefore I/R surgery and at days 7,
14, and 28 after I/R surgery. Mice were anesthetized by inhalational flow
of isoflurane, while maintaining their heart rate at 450–550 beats/min.
The peak aortic blood velocity across the aortic constriction was mea-
sured in the pulsed wave color doppler mode. Left ventricular function
was assessed by M-mode scanning of the left ventricular chamber, and
standardized by two-dimensional, short axis views of the left ventricle at
the mid papillary muscle level. Left ventricular chamber size and wall
thickness were measured for at least three beats from each projection
and averaged.

Protein preprocessing for LC-MS/MS
Twenty seven mice from Sham, MI and I/R groups (3 biological repli-
cates in Sham, MI, I/R, respectively; 3 cardiac samples were combined
as one biological replicate) were collected for proteome/lactylome
analysis, respectively. Left ventricular samples were collected in liquid
nitrogen and grinded into powder. Further sonication of the tissue
fragments was performed on ice in a urea-containing lysis buffer (8M
urea, 1% protease inhibitor cocktail, 3μM trichostatin A (TSA), 50mM
N-acetylmuramic acid (NAM) and 2mM EDTA) using a high-intensity
ultrasonic processor (Xiaomei Ultrasonic Instrument (Kunshan) Co.,
Ltd., XM-26A). Lysed tissue was centrifuged at 12,000× g at 4 °C for
10min, and the supernatant was collected. Protein concentration was
determined using a BCA kit according to the manufacturer’s instruc-
tions (P0011, Beyotime, China).

Equal amounts of protein were retrieved from each sample, and
the final volume was adjusted using the lysis buffer to ensure equal
concentration. Trichloroacetic acid (TCA) was slowly added to a final
concentration of 20% and briefly vortexed for precipitation at 4 °C for
2 h. The sample was then centrifuged at 4500 × g for 5min, and the
supernatant was discarded. The precipitate was rinsed with precooled
acetone. After air drying, tetraethylammonium bromide (TEAB) was
added to a final concentration of 200mM. Then, the precipitate was
sonicated. Trypsin was added at a ratio of 1: 50 (trypsin: protein, m/m),
and the sample was digested at 37 °C overnight. Dithiothreitol (DTT)
was added into the solution at a final concentration of 5mM for
reduction at 56 °C for 30min. Iodoacetamide (IAM) was finally added
to a final concentration of 11mM to alklyate reduced cysteine residues.
The sample was incubated at room temperature for 15min, protected
from light.

Fig. 5 | SA3K lactylation at K351 is required for cardiac protection. a Diagram
outlining the experimental design for evaluating the role of K351la in I/R. Mice
were injected with AAV9 (empty vector (EV), wild-type SA3K (SA3K-WT) and
mutant SA3K (SA3K-K351R)) 4 weeks before I/R surgery. Analyses of myocardial
ischemia, apoptosis, cardiac function, and fibrosis were performed at indicated
time points. b Representative photographs showing TTC-stained transverse sec-
tions of Evans blue-perfused hearts. c, d Area at risk (AAR) (c) and infarct size (d)
were quantified 1 day after IRI, n = 9 mice in each group. e–g Serum levels of
cardiac troponin T (cTnT) (e), cardiac troponin I (cTnI) (f), and creatine kinaseMB
(CK-MB) (g) were measured 1 day after IRI, n = 10 mice in each group.
h Representative terminal deoxynucleotidyl transferase dUTP nick end labeling
(TUNEL) staining images showing apoptotic cell death in heart sections 1 day after
IRI. An ACTN2 antibody was used to label cardiomyocytes. Scale bar, 50μm and

8 μm. Quantification of TUNEL-positive cell rates is shown on the right. n = 10
mice in each group, 6 sections per animal. i Representative echocardiograms at
D28. j Quantification of left ventricular ejection fraction (EF), left ventricular
fractional shortening (FS), left ventricular end-diastolic volume (LVEDV), left
ventricular end-systolic volume (LVESV), left ventricular internal diameter at end
diastole (LVIDd), and left ventricular internal diameter at end systole (LVIDs) at
D28 based on echocardiography. n = 10mice in each group. kMasson’s trichrome
staining of heart sections 28 days after reperfusion. Scale bar: 2mm. Quantifi-
cation of fibrosis is shown on the right. n = 9 mice in each group, 4 sections per
animal. Significance was calculated using one-way ANOVA followed by Tukey’s
multiple comparisons test (d–h, j, k). All data are means ± SD. Source data are
provided as a Source Data file.
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Enrichment of lactylated peptides
To enrich for lactylated peptides, digested peptides dissolved in
NETN buffer (100mM NaCl, 1 mM EDTA, 50mM Tris-HCl, 0.5% NP-
40, pH 8.0) were incubated with pre-washed pan-lactylation anti-
body beads (PTM Bio, PTM-1404) at 4 °C overnight with
gentle shaking. Then, the beads were washed for four times with

NETN buffer and twicewithwater. Bound peptides were eluted from
the beads with 0.1% trifluoroacetic acid. Finally, the eluted
fractions were combined and vacuum dried. For LC-MS/MS
analysis, the resulting peptides were desalted with C18
ZipTips (Millipore, ZTC18M096) according to the manufacturer’ s
instructions.
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LC-MS/MS analysis
For proteomic profiling, we used a four-dimensional (4D) label-free
quantification approach (Fig. 1a). 4D proteomics integrates a fourth
dimension, i.e., ionmobility, into the3dimensionsof classic proteomics,
improving peptide and protein identification22. Tryptic peptides were
dissolved in solvent A (0.1% formic acid, 2% acetonitrile in water). Then,
peptides were separated using a nanoElute ultra-high-performance
liquidchromatography (UHPLC) system (BrukerDaltonics, Inc., Billerica,
MA, USA). Solvent B was 0.1 % formic acid in acetonitrile. All steps were
performed at a constant flow rate of 450nl/min, with liquid level gra-
dient setting: 0–42min, 7–24% B; 42–54min, 24–32% B; 54–57min,
32–80% B; 57–60min, 80% B. After separation by UHPLC system, 40μg
of peptides per sample were loaded onto a capillary column for ioni-
zatoin. Samples were analyzed by the timsTOF Pro mass spectrometer
(Bruker Daltonics). The electrospray voltage applied was 1.60 kV. Pre-
cursor and fragment ions were analyzed at the time-of-flight (TOF)
detector, with anMS/MS scan range of 100–1700m/z. The timsTOF Pro
was operated in parallel accumulation-serial fragmentation (PASEF)
mode. Precursor ions with charge states of 0–5 were selected for frag-
mentation, and 10 PASEF-MS/MS scans were acquired per cycle. The
dynamic exclusion setting was 30 s.

Database search
MS/MS data were processed using the MaxQuant search engine
(v.1.6.15.0). Tandem mass spectra were searched against the human
SwissProt database (20,422 entries) concatenated with reverse decoy
database. Trypsin/P was specified as cleavage enzyme allowing up to 2
missing cleavages. Themass tolerance for precursor ions was set as 20
ppm in the first search and 5 ppm in the main search, and the mass
tolerance for fragment ions was set as 0.02Da. Carbamidomethyl on
Cys (average mass 57.0513) was specified as fixed modification, and
acetylation on protein N-terminus (average mass 42.0367), oxidation
onMet (averagemass 15.9994), and lactylation on lysine (averagemass
72.021) were specified as variable modifications. The false discovery
rate (FDR) was adjusted to < 1%.

Data normalization
Raw LC-MS datasets were first searched against the database and
converted into matrices containing intensity of peptides across sam-
ples. The relative quantitative value of each peptide was then calcu-
lated based on these intensity data by the following steps:

Firstly, the intensities of peptides (I) were centralized and trans-
formed into relative quantitative values (R) of peptides in each sample.
The formula is listed as follow: i denotes the sample and j denotes the
peptide.

Rij = Iij=MeanðIjÞ ð1Þ

For normalization of Kla modifications, the relative quantitative
value of the modified peptide (from lactylome) was divided by the
relative quantitative value of corresponding protein (from proteome)
to remove the influence from protein expression on modifications.

Motif analysis
Weapplied theMoMo software tool, which fully re-implementsmotif-x
and MoDL29, to analyze and extract overrepresented motifs from Kla-
21-mers (10 amino acids upstream and downstream of the site) in all
protein sequences63. The minimal number of peptide occurring in one
motif “occurrences”was set to 20, and themotif analysis statistics test
significance threshold value was set to 0.0000001 (Fisher’ s exact
test). The heatmap of amino acids frequencies occurring near lacty-
lation sites (Difference Score, DS, Supplementary Fig. 1h) was calcu-
lated using the following equation:

DS= �Log10ðp:valueÞ � signðdiff:percentÞ ð2Þ

We also used iceLogo to examine the properties of amino acids
surrounding the modification sites using t-test. A P-value < 0.05 was
considered statistically significant64.

Secondary structure prediction
The secondary structures and surface accessibility was analyzed using
NetSurfP1.0 software including alpha-helix, beta-strand and coil. For
specific amino acid positions, the average probability and surface
accessibility of the three secondary structures with and without
modification were calculated respectively. P values were calculated by
Wilcoxon rank sum test.

Density gradient
Thedensity gradientwas analyzed using Rpackage “ggplot2” software.
Log 2 ratios of fold changes of proteins and modification sites
were visualized by “geom_density” as density gradient (cutoff of
|Log2FC | >1.0).

Differential analysis
Firstly, the samples to be compared pairwise were selected, and the
fold change (FC) was calculated as the ratio of the mean intensity for
eachmodification site in two sample groups. For example, to calculate
the fold changebetween sampleA and sample B, we used the following
equation:

FCA=B, k =MeanðRik , i 2 AÞ=MeanðRik , i 2 BÞ ð3Þ

R denotes the relative quantitative value of themodification site, i
denotes the sample and k denotes the modification site.

Fig. 6 | SA3K/SA3 secreted by FBs protect CMs from IRI-induced apoptosis
through paracrine signaling. a Experimental design. Cardiac FBs from neo-
natal mice or adult humans were cultured under normoxia (N) or hypoxia-
normoxia (H-N) conditions. CMs were treated with conditioned media, and
subjected to H-N. Nab, neutralizing antibody. b TUNEL staining of apoptotic
cells (white arrow). Scale bar, 50 μm. c Quantification of (b). n = 3 indepen-
dent experiments. d Western blotting of cleaved caspase 3 (C-CASP3) and
BAX in neonatal mouse and adult human CMs. e Quantification of (d). n = 4
independent experiments. f, g Quantification of LDH in mouse (f) or human
(g) CM supernatant. n = 4 (mouse) or 5 (human) independent experiments.
h Quantification of cellular ATP concentration in mouse (left) or human
(right) CMs. n = 4 (mouse) or 5 (human) independent experiments. i Experi-
mental design. SA3K and SA3 were silenced by shRNA in neonatal mouse and
adult human FBs, respectively. Corresponding CMs were treated with con-
ditioned media, and subjected to H-N. j, k Quantification of TUNEL-positive
cells (j), and representative images of TUNEL staining (k). White arrows

indicate TUNEL-positive cells. Scale bar, 50 μm. n = 3 independent experi-
ments. l Western blotting of C-CASP3 and BAX in neonatal mouse and adult
human CMs. m, n Quantification of (l) (m, mouse; n, human). n = 4 inde-
pendent experiments. o Experimental design. Neonatal mouse FBs were
transduced with lentivirus expressing empty vector (EV), SA3K-WT or SA3K-
K351R. Neonatal CMs were treated with conditioned media, and subjected to
H-N. p, q TUNEL staining (p) and quantification (q) of apoptotic CMs. White
arrows indicate TUNEL-positive cells. Scale bar, 50 μm. n = 3 independent
experiments. r Western blotting of C-CASP3 and BAX in neonatal mouse CMs.
Quantification is shown on the right. n = 3 independent experiments. Sig-
nificance was calculated by repeated-measures one-way ANOVA followed by
Tukey’s multiple comparisons (c, f–h, j, q), or by the Kruskal-Wallis test
followed by Dunn’s multiple comparisons test (e, m, p, r). GAPDH loading
control was run on a separate gel in (l, r). All data are means ± SD. Source
data are provided as a Source Data file.
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To calculate the significance of the difference between
groups, Student’s t-test was performed on the relative quantita-
tive value of each modification site in the two sample groups, and
the corresponding P-value was calculated as the significance
index. A P-value of < 0.05 was considered as significant. To make

the data conform a normal distribution, the relative quantitative
value of modification site was log2 transformed using the fol-
lowing equation:

Pk =T:testðLog2ðRik , i 2 AÞ, Log2ðRik , i 2 BÞÞ ð4Þ

Fig. 7 | SA3K/SA3 protect CMs by inhibiting the WNT pathway and activating
cardioprotective RISK and SAFE pathways. a–d Western blots (a, c) and quan-
tification (b, d) of p-AKT, AKT, p-ERK, and ERK in neonatal mouse (a, b) and adult
human CMs (c, d) treated with conditioned media from FBs with SA3K/SA3 over-
expression or depletion. GAPDH was used as loading control. n = 4 (b) or 5 (d)
independent experiments. e–h Western blots (e, g) and quantification (f, h) of
p-JAK2, JAK2, p-STAT3 (Tyr705), and STAT3 in neonatal mouse (e, f) and adult

human CMs (g, h) treated with conditioned media from FBs with SA3K/SA3 over-
expression or depletion. GAPDH was used as loading control. n = 5 independent
experiments. All overexpression data were analyzed using the two-tailed Mann-
Whitney test, while all knockdown data were analyzed using the Kruskal-Wallis test
followed by Dunn’smultiple comparisons. For (a, c, g), GAPDH loading control was
run on a separate gel. Data are means ± SD. Source data are provided as a Source
Data file.
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Modification siteswith P value < 0.05 and FC > 1.3were considered
significantly up-regulated sites, while the modification sites with
P-value < 0.05 and FC < 1/1.3 were regarded as significantly down-
regulated sites65. For protein expression changes (proteome), a cutoff
of |Log2FC | >1.5 was imposed.

Clustering of differentially lactylated or expressed proteins and
GO analysis
Differentially expressed proteins were clustered according to their
expression patterns through the sampling series by hclust and cutree
functions in R66. Further, the mean with confidence interval of a stan-
dard t-test of proteins is plotted over groups to show the expression
patterns of each cluster. For each cluster of proteins, GO enrichment
analysis was conducted by clusterProfiler (v3.2.14)67.

Gene Ontology (GO) annotation was derived from the UniProt-
GOA database (http://www.ebi.ac.uk/GOA/). Identified protein IDs
were first converted to UniProt IDs, and then mapped to GO IDs. In
cases where identified proteins were not annotated in the UniProt-
GOA database, the InterProScan was used to annotate the proteins’
GO functions based on protein sequence alignment results. Proteins
were annotated based on two sub-ontologies, i.e., biological process
(Fig. 1g, i) and molecular function68,69 (Supplementary Fig. 2c).

Functional annotation network
All differentially expressed proteins were searched against the STRING
database (version 11.0) for functional and physical protein-protein
interactions (full STRING network, where edges indicate both func-
tional and physical protein associations). Protein interaction relation-
ships with a confidence score > 0.4 (medium confidence) were
extracted. Interaction networks from STRING were visualized using R
package “networkD3”70.

Neonatal mouse primary cardiomyocytes and fibroblasts
Neonatal mouse cardiomyocytes and neonatal mouse fibroblasts were
isolated from C57BL/6 1- to 2-day-old neonatal mouse hearts. Hearts
were transferred to PBS containing heparin sodium (1000 units in
50ml PBS) for washing, and then chopped into small pieces and
digested with the Pierce™ Primary Cardiomyocyte Isolation Kit
(Thermo, 88281) according to the manufacturer’s instructions. To
obtain relatively pure cardiomyocytes, we used the differential velo-
city adherence method to culture isolated cells for 1 h. Non-adherent
cells were collected as cardiomyocytes, and were cultured in DMEM
containing 10% FBS and 1% penicillin-streptomycin (P/S) on 0.1%
gelatin (2 × 105 cells per well in 6 well-plates). Neonatal mouse fibro-
blasts were plated at 1 × 106 cells per well in 6 cmplates and cultured in
DMEM containing 10% FBS and 1% P/S.

Adult human primary cardiomyocytes and fibroblasts
The study was approved by the Ethics Committee of Fuwai Hospital,
Chinese Academy of Medical Sciences, and Peking Union Medical
University, and conducted according to the Declaration of Helsinki
(2021-1533). Written informed consent was obtained from all patients.
Patient information is listed in Supplementary Table S4. of the Sup-
plementary information.

The isolation and culture of human primary CMs were performed
as previously described71. In brief, cardiac specimens were cut into
tissue slices (300 μm), chopped and transferred to a Tyrode solution
(126mM NaCl, 4.4mM KCl, 5mM MgCl2·6H2O, 5mM NaH2PO4, 5mM
HEPES, 22mM glucose, 20mM taurine, 5mM creatine, 5mM sodium
pyruvate, supplemented with 10 µM (-)-blebbistatin (Selleck, S7099),
250U/ml Type II collagenase and 1.2 U/ml protease XXIV (Sigma,
P8038) for digestion. After 50min in a 37 °C bath shaker, the tissuewas
transferred to a fresh digestive solution that does not contain pro-
teases for further digestion. Rod-shaped CMs were collected by cen-
trifugation (100 × g, 3min, 4 °C). Calcium concentration was gradually

restored to 1.8mM prior to culture in MEM (HEPES, GlutaMAX™,
Gibco, 42360099) supplemented with 10% FBS (Gibco), 100U/ml P/S
(Gibco, 15140163), 100μg/ml Primocin (InvivoGen, ant-pm-05) and
10 µM (-)-blebbistatin.

The isolation and culture of human primary FBs were performed
as previously described71. FBs were isolated by digesting myocardial
tissue fragments in a solution containing 2mg/ml Collagenase I
(Worthington, LS004196), 2mg/ml Collagenase II (Worthington,
LS004176), and 0.1% BSA dissolved in DMEM-F12 (Gibco, 11330-
032) supplemented with 1% P/S. After 25min in a 37 °C bath shaker,
the cell suspension was filtered through a 40μm filter. After incu-
bation in red blood cell lysis buffer (Thermo, 00-4333-57) for 4min,
an equal volume of PBS containing 10% FBS was added for neu-
tralization. FBs were centrifuged at 300 × g, 3min, 4 °C, resuspended
in DMEM-F12 supplemented with 20% FBS and 1% P/S, and then pla-
ted into 6-well plates (0.1% gelatin-coated) for culture.

Hypoxia treatment
Hypoxia (24 h) of cell cultures was achieved using a Heracell™ VIOS
160i incubator (Thermo Fisher Scientific Madison, WI, USA) filled with
94% N2, 5% CO2, and 1% O2. Reoxygenation was performed by trans-
ferring the culture to a normoxic incubator with 5% CO2 and 95% air.
Neutralized antibody treatment was performed by adding SA3K (Pro-
teintech, 55480-1-AP) or SERPINA3 (Abcam, ab205198) antibodies
directly into conditioned media at a concentration of 1μg/ml and
incubated at room temperature for 4 h, before transfer to CM cultures.

Western blotting
Protein was harvested from cultured cells by lysis using RIPA buffer
(10mM Tris-Cl pH 8.0, 1mM EDTA, 0.5mM EGTA, 1% Triton X-100,
0.1% sodiumdeoxycholate, 0.1% SDS and 140mMNaCl) supplemented
with 1× protease and phosphatase inhibitor cocktail (Thermo, 78445).
After centrifugation at 4 °C, 14,000× g, 15min, cellular supernatants
was boiled in 5 × sample buffer (250mM Tris-HCl (pH 6.8), 8% (w/v)
sodium dodecyl sulfate (SDS), 0.2% (w/v) bromophenol blue, 0.3M
DDT, 30% (v/v) glycerol, 10% (v/v) β-mercaptoethanol). Protein con-
centration was determined by BCA Protein Assay (Beyotime, P00125).
Equal amounts of proteins were separated via SDS-PAGE and electro-
transferred onto a PVDF membrane (Millipore, IPVH00010). Mem-
branes were then blocked with 5% skim milk in TBST and incubated
with primary antibodies at 4 °C overnight. Antibody dilutions are
shown in Supplementary Table S3. After 3 washes with TBST, mem-
branes were incubated with corresponding secondary antibodies
diluted in blocking buffer for 1 h at room temperature. Secondary
antibodies included anti-rabbit IgG, HRP-linked antibody (Cell Signal-
ing, 7074S) and anti-mouse IgG, HRP-linked antibody (Cell Signaling,
7076S), which were used at a 1:5000 dilution ratio. Blots were devel-
oped using the Clarity™Western ECL Substrate (Bio-Rad, 1705060) on
the Tanon 5800 Multi (Tanon, Shanghai, China) Chemi-Image System
according to the manufacturer’s instructions. Densitometric analyses
were performed using ImageJ v1.42q.

Immunoprecipitation
Cells were lysed using a lysis buffer containing 20mMTris-HCl pH 7.5,
150mMNaCl, 1mMEDTA, 1% nonidet P-40, 0.5% sodiumdeoxycholate
and 0.1% SDS, supplemented with 1× protease inhibitor cocktail
(Roche, 4693132001). After centrifugation (4 °C, 14000× g, 15min)
cellular supernatants was transferred to a new tube and incubatedwith
protein A/Gagarosebeads (Yeasen, 36417ES03) for 2 h at 4 °C. Thepre-
cleaned lysates were incubated with anti–pan-Kla, anti-pan-Kac or
rabbit IgG overnight at 4 °C, and further incubated with 20μl of pro-
teinA/G agarose beads for 4 h at 4 °C. Finally, precipitateswerewashed
with lysis buffer and boiled in 5 × sample buffer (250mM Tris-HCl (pH
6.8), 8% (w/v) sodium dodecyl sulfate (SDS), 0.2% (w/v) bromophenol
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blue, 0.3M DDT, 30% (v/v) glycerol, 10% (v/v) β-mercaptoethanol).
Samples were subjected to Western blotting with an SA3K antibody.

Generation of the polyclonal rabbit anti-SA3K-K351la antibody
The polyclonal rabbit anti-SA3K-K351la antibody was raised using
against two synthetic SA3K peptides with K351-Kla (ITETK-(lactyl)K-
LSVSQ and SGITETK-(lactyl)K-LSVSQ) to trigger immune responses in
pathogen-free barrier facility-raised New Zealand White rabbits (PTM
Biolab Co., Ltd.). A nonlactylated peptide (SGITETKKLSVSQ) was also
generated and verified by MS analysis. After immunization, sera were
purified using protein A and collected for quality control (dot blot
analysis).

Dot blot analysis
Fourmodified or unmodified SA3K peptides were synthesized by PTM
Biolab Co., Ltd.

The peptide sequences were as follows:
SA3K-Kla-1: CITETK-(lactyl)K- LSVSQ
SA3K-Kla-1: CSGITETK -(lactyl)K- LSVSQ
SA3K-Ksucc: CSGITETK-(succinyl)K- LSVSQ
SA3K: CSGITETKKLSVSQ

Peptides (1 ng, 4 ng, 16 ng, 64 ng) from each group were blotted
onto a PVDF membrane. After drying, the PVDF membrane was incu-
bated in blocking buffer for 1 h, and then with the anti-SA3K-K351la
(Ab-Kla-1) primary antibody solution (diluted 1:1000 in blocking solu-
tion) for 2 h at room temperature. After washing the membrane in
washing buffer 3 times, an HRP-linked anti-rabbit IgG secondary anti-
body (Cell Signaling, 7074S) was used at a 1:5000 dilution ratio. After
washing the membrane in washing buffer (3 × 10min), blots were
developedusing the Immobilon™WesternWesternChemiluminescent
HRP Substrate (Millipore WBKLS0500), and imaged on the Tanon
5200 Multi (Tanon, Shanghai, China) Chemi-Image System.

Enzyme-Linked Immunosorbent Assay (ELISA)
Themedium concentration of SERPINA3was examined via ELISA assay
according themanufacturer’s instructions (Abcam, ab217779). In brief,
50 µl medium or standard samples were added to wells in a 96-well
plate. Then, 50 µl of antibody cocktail was added to each sample, fol-
lowed by incubation at room temperature for 1 h. Each well was
washed three times with 350 µl 1× wash buffer. TMB development
solution (100 µl) was added to each well and incubated for 10min,
followed by the addition of 100 µl stop solution. OD values were
measured at 450nm on a microplate reader (Tecan, Infinite-M200).

For the measurement of cardiac injury markers in the serum of
mice,mouse bloodwas collected from the abdominal aorta.Micewere
fully anesthetized using isoflurane inhalation, followedby insertion the
needle of a 1ml syringe into the abdominal aorta. The serum con-
centration of CK-MB was examined using an ELISA assay (Songon,
D721065) according to themanufacturer’s instructions. In brief, serum
samples were diluted 1:4 using a dilution buffer, after which 100μl of
the diluted serum or standard samples were added into 3 replicate
wells per sample in 96-well plates. After incubation at 37 °C for 90min,
100μl biotin-CK-MB was added to the 96-well plate and incubated at
37 °C for 60min. Each well was washed 4 times with 350μl washing
buffer. Then, 100μl of HRP working buffer was added to the 96-well
plate, and incubated at 37 °C for 30min. After washing 4 times with
350μl of washing buffer, 90μl substrate solution was added, and
further incubated at 37 °C for 15min. Finally, 50μl stop solution was
added to each well. OD values were measured at 450nm on a micro-
plate reader (Antobio, Phomo).

The serum concentrations of cTnT and cTnI were examined using
ELISA assay kits (Cloud-clone corp, SEA820Mu and SEA478Mu)
according the manufacturer’s instructions. In brief, 100 µl of diluted
serum (described above) or standard samples were added to wells in a

96-well plate, followed by incubation at 37 °C for 1 h. After aspiration,
100 µl detection reagent was added to each sample, followed by
incubation at 37 °C for 1 h. Each well was washed three times using
washing buffer. Substrate solution (90 µl) was added to each well and
incubated at 37 °C for 20min, followed by the addition of 50 µl stop
solution. OD values were measured at 450nm on a microplate reader
(Antobio, Phomo).

ROS detection
Neonatal mouse cardiomyocytes and adult human primary cardio-
myocytes were seeded into black 96-well cell culture plates (Corning,
3904) and treated with hypoxia and normoxia. To quantify cell ROS
production, cardiomyocytes were incubated with 5μM of CellROX
(Thermo, C10444) in PBS for 30min at 37 °C according to the manu-
facturer’s instructions. Next, cardiomyocytes were washed with PBS 3
times and fluorescence intensity was measured at 485/520 on a
microplate reader (Antobio, Phomo).

Measurement of ATP concentration
Neonatal mouse cardiomyocytes and adult human primary cardio-
myocytes were seeded into white 96-well cell culture plates (Corning,
3606) and treated with normoxia or hypoxia-normoxia. Cellular ATP
concentrations were assessed using the CellTiter-Glo® Luminescent
Cell Viability Assay (Promega, G8461) per manufacturer’s instructions.
In brief, 1 µM ATP (Sigma, P1132) diluted with culture medium into
serial tenfold solutions (100 µl contains 10–10 to 10–13 moles of ATP)
were added into white 96-well plates for plotting the standard curve.
Then, 100 µl CellTiter-Glo® Reagent was add to standard wells and
wells containing cells. Aftermixing the contents for 2min on an orbital
shaker, the plate was incubated at room temperature for 10min to
stabilize the luminescent signal. Luminescence intensitywasmeasured
using a microplate reader (Antobio, Phomo).

LDH measurement
LDH was measured using the LDH-Glo™ Cytotoxicity Assay kit (Pro-
mega, J2380) according to the manufacturer’s instructions. Cellular
supernatant was diluted 1:100 in culture medium. Standard samples
and cellular supernatant were added in triplicate into white 96-well
plates (50μl/well). The LDH detection reagent was added at a 1:1 (v/v)
ratio into the wells. The reaction was incubated in the dark for 1 h at
room temperature, before luminescencevaluesweremeasuredusing a
plate reader (Antobio, Phomo).

Masson’s trichrome staining
To analyze tissue fibrosis, mice were euthanized at 28 D post I/R. The
infarcted areas of mouse heart tissues were sectioned at 4μm for
10 serial sections per short axis view, and continued at intervals of
400μm from the ligation site to the apex. A total of five short axis
section levelswere obtained for each heart. Histochemical stainingwas
performed as previously described72. In brief, histological analyses
were performed on heart tissues that were fixed in 4% paraformalin at
room temperature for 48 h and embedded in paraffin. Masson’s tri-
chome staining was performed on representative sections of each
short axis level to evaluate collagen deposition. Masson’s staining
(Leagene, DC0033) was performed according to the manufacturer’s
protocol. Histopathological images were acquired with Pannoramic
SCAN (3Dhistech, Hungary). Fibrotic area and total heart area were
calculated through the combined analysis of sections from4 short axis
levels, excluding the one closest to the ligature. The relative collagen
volume (fibrotic area/ total heart area) for each heart is the averaged
value of all four levels.

Immunofluorescence
For immunofluorescence analyses, heart sections were incubated with
primary antibodies (1:50 dilution), including anti-SA3K, anti-ACTN2
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and anti-VIMENTIN antibodies, at 4 °C overnight. Then, secondary
antibodies, including goat anti-rabbit-Alexa Fluor 488 (Thermo,
A32731, 1:1000 dilution) or goat anti-mouse-Alexa Fluor 594 (Thermo,
A11032, 1:1000 dilution) antibodies, were applied for 2 h at room
temperature in the dark. Sections were mounted with DAPI (Thermo,
P36981). Sections were viewed on a Leica SP8 confocal microscope
(Leica Microsystems, Germany), using a 40× water immersion objec-
tive or 60 × oil immersion objective, with identical exposure times.
Images were further magnified by electronic magnification when
necessary. Quantification of immunofluorescence staining was per-
formed using the image analysis software ImageJ 1.42q. Specifically,
the integrated optical density (IOD) was obtained by summing all
optical density values of each channel within an image. Mean densities
were calculatedbydividing IODby thedistributionareaof the target of
interest.

Measurement of infarct size and area at risk
At 24 h post I/R, the LAD was re-occluded, and 2% Evans blue dye
(Sigma, E2129) was injected into the heart cavity through the ascend-
ing aorta. After euthanization, hearts were frozen at −80 °C for 30min,
and the myocardium below the ligature point was cut into four 2 mm-
thick slices. The slices were incubated with 2 % 2,3,5-triphenylte-
trazolium chloride (TTC, Sigma, T8877) at 37 °C for 10min in a dark
room and then fixed in 4 % formalin for 2 h. Following staining, the
slices were imaged with a digital camera (SONY Alpha 6400 APS-C,
SELP1650). The infarcted area was not stained by TTC. The area at risk
was identified by the lack of blue dye. The infarcted tissue was mea-
sured and calculated using ImageJ v1.42q.

Terminal deoxynucleotidyl transferase dUTP nick end labeling
(TUNEL) staining
To assess cell death in I/R heart tissues, the TUNEL assay was per-
formed on heart sections using the In-Situ Cell Death Detection Kit
(Roche, 11684817910) according to the manufacturer’s instructions.
Meanwhile, anti-ACTN2 primary antibody was used to detect CMs.
Nuclei were visualized by DAPI. Two images from infarct, border, and
remotes zones, respectively, from sections at the plane right
below the ligation spot were chosen for quantification. Sections
were imaged on a confocal laser scanning microscope (Leica
SP8, Germany) using a 60× oil immersion objective. TUNEL-positive
cells that displayed colocalization with DAPI were counted as apop-
totic cells (Figs. 4h and 5h), while TUNEL colocalization with and
ACTN2 (Supplementary Fig. 9a and 9b) were considered
apoptotic CMs.

To investigate cell death in primary cardiomyocytes, neonatal
mouse CMs were plated into 15mm confocal dishes for immuno-
fluorescence staining. After culturing, CMs were fixed with 4% paraf-
ormaldehyde for 7min, and permeabilized in 0.1% Triton X-100 for
7min. Then, TUNEL assay was performed using the TUNEL Cell Apop-
tosis Detection Kit (KeyGEN, KGA7062) according to themanufacturer’s
instructions. Finally, CMs were mounted with DAPI (Thermo, P36981).
CMs were imaged on a confocal laser scanning microscope (Leica SP8,
Germany) using a 40× water immersion objective. TUNEL-positive cells
that displayed colocalization with DAPI were counted.

L-lactate measurement
L-lactate levels were measured by a Lactate Assay Kit (Elabscience, E-
BC-K044-M) according to the manufacturer’s protocol. In brief, to
prepare cell samples, 1 × 106 cells were homogenized in 300μl PBS. To
prepare tissue samples, 1 g heart tissue was homogenized in 9ml PBS,
followed by centrifugation at 10,000× g for 10min. Five microliters of
samples or standards were added into each well with 100μl enzyme
working solution. After incubation for 10min at 37 °C, OD values of
each well were measured at 530 nm on a microplate reader (Tecan,
Infinite-M200).

Plasmids, transfection, lentivirus production and infection
Mouse SA3K-WT and SAK-K351R cDNAs were subcloned into the
pHBLV-CMV-MCS-3flag-EF1-puro vector to generate the FLAG-tagged
plasmids. shRNAs for the target genes were cloned into the pHBLV-U6-
MCS-PGK-PURO vector. The sequences for shRNAs were as follows:

sh-SA3K#1: AGTCTGAGTTCTACTTGGATGAGAA;
sh-SA3K#2: CAGGAAATGCCAGCGCCCTGTTTAT.

All plasmids were purchased from Hanbio Co. Ltd, Shanghai,
China. Lentivirus was packaged using 293T cells. Briefly, lentiviral
pHBLV-shRNA-Puro plasmids, and psPAX2 and pMDLg/pRRE plas-
mids, were transfected into 293 T by Lipofectamine™ 3000 (Thermo,
L3000008). Virus-containing supernatants were collected at 48 and
72 h after transfection and centrifuged at 1200× g for 5min to remove
cell debris. For lentivirus infection, viral supernatants were directly
transferred to neonatal mouse FBs or CMs, and incubated for 6 h.
Polybrene (1 µg/ml) was added to the medium to improve infection
efficiency. After infection, cells were cultured continually and used for
further analysis.

qRT-PCR
Total RNA was extracted using Trizol (Thermo Fisher Scientific,
15596018) according to the manufacturer’s instructions. Reverse
transcription was performed using ReverTra Ace® qPCR RT Kit
(Toyobo, FSQ-101). Quantitative PCR was performed using SYBR®
Green Realtime PCR Master Mix (Toyobo, QPK-201) on an Applied
Biosystems 7500 real-time PCR system. The primers used were:

SA3K: 5′-TGAGGAGCTATCGTGCTCTGT-3′ (forward)
5′-GCCTGTAGTTACTAGCGATGGA-3′ (reverse),

SA3: 5′-GTGGTCCATAAGGCTGTGCT-3′ (forward)
5′-GGCCTGTTGAAACGCACAAT -3′ (reverse);

GAPDH 5′-ACGGATTTGGTCGTATTGGG-3′ (forward)
5′-TGATTTTGGAGGGATCTCGC-3′ (reverse).

Protein degradation assays
Determination of protein half-life was performed by treating neonatal
mouse FBs with cycloheximide (50μg/ml, Sigma, C7698). Alter-
natively, FBs were treated with CHX in presence of a proteasome
inhibitor MG132 (20μM, Sigma, M8699). DMSO was added to
untreated control cells. Half-life calculation and visualization were
performed by R (4.0.3) and ggplot2 (3.3.2) package.

Statistical analysis
All experiments were repeated for at least 3 biological replicates. Sta-
tistical analyses were performed by using GraphPad Prism 8.2.1
(GraphPad Software Inc., La Jolla, CA, USA). For comparisons between
two groups of equal sample size, unpaired two-tailed Student’s t-test
was performed. Formultiple comparison testing, a one-way analysis of
variance (ANOVA) accompanied by Tukey’s post hoc test was used.
Paired Student’s t-test and repeated-measures one-way ANOVA were
used for paired samples. Non-parametric Mann-Whitney (two groups)
or Kruskal-Wallis (more than two groups) tests were used for the
analysis of data where the control values were normalized to 1. Data
were expressed as mean± SD. Exact P values are indicated within the
figures.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
The authors declare that all data supporting the findings of this study
are available within the article and its supplementary information files
or from the corresponding author upon reasonable request. The
protein mass spectrometry data generated in this study have been

Article https://doi.org/10.1038/s41467-024-55589-w

Nature Communications |         (2025) 16:1012 18

www.nature.com/naturecommunications


deposited in the PRIDE database under accession code
PXD046631. Source data are provided with this paper.
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